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ABSTRACT
The IceCube high-energy neutrino telescope has been collecting data since 2006. Conversely, hundreds
of Gamma Ray Bursts (GRBs) have been detected by the GBM on board Fermi, since its launch in
2008. So far no neutrino event has been associated with a GRB, despite many models predicting the
generation of high energy neutrinos through GRB photon interaction with PeV protons in the GRB
jet. We use the non-detection of neutrinos to constrain the hadronic content of GRB jets independent
of jet model parameters. Assuming a generic particle spectrum of E−α with α = 2, we find that
the ratio of the energy carried by pions to that in electrons has to be small fpi/fe . 0.24 at 95%
confidence level. A distribution of spectral slopes can lower fpi/fe by orders of magnitude. Another
limit, independent of neutrinos, is obtained if one ascribes the measured Fermi/LAT GeV gamma-ray
emission to pair-photon cascades of high-energy photons resulting from (the same photon-hadronic
interactions and subsequent) neutral pion decays. Based on the generally observed MeV to GeV GRB
fluence ratio of ≈ 10, we show that fpi/fe . 0.3. In some bursts, where this ratio is as low as unity,
fpi/fe . 0.03. These findings add to the mounting doubts regarding the presence of PeV protons in
GRB jets.
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1. INTRODUCTION
Gamma Ray Bursts (GRBs) are powerful explosions,
and are among the highest-redshift point sources ob-
served. The most common phenomenological interpre-
tation of these cosmological sources is through the so
called fireball model (Piran 2000; Me´sza´ros 1999, 2006).
In this model, part of the energy is carried out (e.g., from
a collapsed star) by hadrons at highly-relativistic ener-
gies, some of which is dissipated internally and eventually
radiated as γ-rays by synchrotron and inverse-Compton
emission by shock-accelerated electrons. As the fireball
sweeps up ambient material, it energizes the surround-
ing medium through, e.g., forward shocks, which are be-
lieved to be responsible for the longer-wavelength after-
glow emission (Me´sza´ros 1999).
If the GRB jet comprises PeV protons, it should pro-
duce energetic neutrinos through photon-hadron inter-
actions. The photons for this process can be supplied
by the GRB gamma rays during its prompt phase, or
during the afterglow phase (Waxman & Bahcall 1997;
Dermer 2002). These would lead to the production of
charged pions, which subsequently decay to produce neu-
trinos. Within this picture, GRBs should produce neu-
trinos with energies of ∼ 100 TeV (observed frame) from
the same region in which the GRB photons are produced
(Guetta et al. 2001). These neutrinos, if present, could
be readily detected. Hence, the detectability of TeV to
PeV neutrinos depends on the presence of (>) PeV pro-
tons and on the efficiency at which their energy is con-
verted into neutrinos, as compared to how much of the
energy is in electrons, which is manifested primarily in
the prompt GRB photon emission.
The high-energy neutrinos from GRBs should be de-
tected by large neutrino telescopes, such as IceCube
and in the future KM3NeT 1. IceCube, is a Cherenkov
detector (Halzen & Klein 2010) with photomultipliers
(PMTs) at depths between 1450 and 2450 meters in the
Antarctic ice designed specifically to detect neutrinos
at TeV-PeV energies. Since May 2011 (Aartsen et al.
2013a), IceCube has been working with a full capac-
ity of 86 strings (IC86). Since GRB neutrino events
need to be correlated both in time and in direction with
the gamma-rays, they are sought after in small angu-
lar and short time windows. In this context, IceCube
has recently developed a powerful model-independent
analysis tool for neutrinos detection, which is coinci-
dent in direction and in time to within 1,000 seconds
with GRB flares reported by the gamma ray satellites.
IceCube reported no detection of any GRB-associated
neutrino in a data set taken from April 2008 to May
2010 (Abbasi et al. 2012); None of the high energy neu-
1 http://km3net.org/home.php
2trinos reported for the next two years (Aartsen et al.
2013b) is GRB-associated either, and as far as we know
no neutrino event has been associated with any GRB
to date. This non-detection is in conflict with earlier
models (Waxman & Bahcall 1997; Rachen & Me´sza´ros
1998; Guetta et al. 2004; Ahlers et al. 2011; He et al.
2012), all of which predicted the detection of approxi-
mately ten GRB neutrinos by IceCube during this pe-
riod. Those earlier estimates were largely calibrated
based on the fireball hypothesis, and were motivated
by the assumption that UHECRs are produced primar-
ily by GRBs. The IceCube results thus appear to rule
out GRBs as the main sources of UHECRs (Ahlers et al.
2011; Abbasi et al. 2012). This implies either that GRBs
do not have the (>)PeV protons, hypothesized in the
fireball model, or that the efficiency of neutrino produc-
tion from these protons is much lower than had been
estimated (Baerwald et al. 2011; Hu¨mmer et al. 2012;
Zhang & Kumar 2012).
In this paper, we use the data from the GRB Monitor
(GBM) on board Fermi to calibrate the photon (repre-
senting electrons) energy content of the GRB jet. Subse-
quently, we compare this with the upper limit on proton
(turned pion) energy content, given the non-detection
of GRB neutrinos. Furthermore, the first catalog of
the Large Area Telescope (LAT) on board Fermi in-
cludes 35 GRBs with gamma ray emission above 100
GeV (Ackermann et al. 2013). Several models have been
proposed to explain this high energy emission (Me´sza´ros
1999; Guetta & Granot 2003; Guetta, Pian, & Waxman
2011) including hadronic models (Gupta & Zhang 2007;
Bo¨ttcher & Dermer 2000). The same photon-hadron
process that produces the charged pions and subse-
quently the 100 TeV neutrinos, would also generate neu-
tral pions that decay to photons of similar energy. These
high-energy photons have been hypothesized to cascade
through pair production processes down to the GeV
regime, where they can escape the jet and be observed
by LAT. Within this scenario, we use the observed GeV
burst fluence to put another upper limit on the energy
content of the protons in the jet.
2. METHODOLOGY
In a relativistic outflow (fireball), the energy carried
by the hadrons can be dissipated internally, or through
interactions with ambient matter. Thus, a substantial
part of the bulk kinetic energy is converted to internal
energy, which is then distributed between electrons, pro-
tons and the magnetic field. We denote the ratio between
the energy carried by electrons and that of the protons
as fe. If the plasma is in equipartition, fe ≈ 1, but in
our analysis this is not a requirement. The internally
accelerated electrons presumably are responsible for the
keV-MeV photons observed in the GRB, which are emit-
ted through synchrotron or inverse Compton processes.
The measured GBM burst fluence is, thus, proportional
to the energy carried by electrons.
Accelerated protons may interact with these (∼ MeV)
photons to produce pions via the Delta resonance,
p+ γ → ∆+ →
{
n+ pi+
p+ pi0
(1)
The branching ratios for pi+ and pi0 production in
this process are 1/3 and 2/3, respectively. Tak-
ing into account higher-energy resonances, this inter-
action could lead to a higher yield of charged pions
(Waxman & Bahcall 1997; Hu¨mmer et al. 2010). The pi0
decays to two photons, which are discussed below in Sec.
2.2. The associated proton may interact with the pho-
tons to produce secondary pions, which could increase
the expected neutrino flux from the GRB, but we ne-
glect these here. Including them would only tighten the
constraints on the hadronic content that we derive below
from the non-detection of neutrinos. The charged pion
decays to produce e and µ neutrinos and anti-neutrinos:
pi+ → e+ + νe + νµ + ν¯µ (2)
The energy in this decay is split about evenly between
the products, i.e. 3/4 of the pi+ energy goes to neutrinos.
2.1. Neutrino Fluence Estimate
Although IceCube can detect neutrinos of all flavors
(Halzen & Klein 2010), it is most sensitive to tracks pro-
duced by νµ. On the other hand, the atmospheric back-
ground of νµ is very high, which calls for the exploita-
tion of shower events of νe and ντ (Halzen & Klein 2010;
Aartsen et al. 2013b). However, within the short time
window of an individual GRB, IceCube is essentially
background-free. In other words, a muon track of suffi-
ciently high energy that is associated in direction and in
time with a GRB would most surely be a real detection.
This allows IceCube to exploit its high effective area for
νµ events, without the downside of the νµ background.
Allowing for effective neutrino oscillations, which results
in an equal flux of the three flavors at the detector, and
since in point source searches the detector is about 10
times more sensitive to νµ than to the other flavors, Ice-
Cube can be expected to detect 1/3 of the neutrinos, and
hence 1/4 of the pi+ energy in the form of νµ.
Denoting the fraction of proton energy that goes into
pions as fpi, the fraction of proton energy that ends
up in neutrinos is consequently fpi/4. Simulations by
Guetta et al. (2001) suggest that fpi ≈ 0.2. It has
been suggested that if the resulting neutron (equa-
tion 1) remains in the plasma, fpi can be much higher
(Baerwald et al. 2013). However, in this work we leave
fpi as a free parameter and attempt to constrain it from
the IceCube results. One can now relate the hadron en-
ergy content of the GRB jet to that of the gamma ray
emitting electrons through the ratio fpi/fe.
The GRB fluence serves as a proxy of the electron en-
ergy in the jet. The electrons are assumed to follow a
power-law energy distribution with a spectral slope of
α, namely dNe/dEe ∝ E
−α
e . Noting that the prompt
GRB energy fluence measured in the MeV (GBM) band,
FGBM, is due only to the electron population in a limited
energy range Ee,min − Ee,max, one can write:
FGBM ∝
∫ Ee,max
Ee,min
E1−αe dEe (3)
Assuming the electrons, protons, and thus (pions and)
neutrinos all adhere to the same slope, and that all their
energies range the same number of decades, the νµ energy
fluence of a GRB, Fν , can be directly related to FGBM
through:
3Fν =
1
12
fpi
fe
2− α
E2−αe,max − E
2−α
e,min
FGBM (4)
What is the neutrino spectral slope? α = 2 is mo-
tivated by Fermi acceleration, as well as by the Ice-
Cube measured slope for diffuse neutrinos (Aartsen et al.
2013b). An independent indication of the slope could
come from the photon (GRB) spectra. However, the re-
lation between the photon and neutrino spectral slopes
is not totally clear. While Waxman & Bahcall (1997)
assume they are the same, more detailed fireball mod-
els use more parameters to relate the two (Guetta et al.
2004; Becker et al. 2010). Since we wish to avoid model-
dependent assessments, we limit ourselves to the generic
slope of α = 2. In Section 3.3, we will discuss the scenario
of a neutrino power-law that deviates from the canonical
–2 slope.
In the limit of α = 2, equation (4) provides a simple
expression for Fν :
Fν =
1
12
fpi
fe
FGBM
ln 10
(5)
which is conveniently independent of Ee,max, Ee,min. The
factor of ln 10 is due to the fact that the GBM band is
roughly two decades of photon energy from 0.01 MeV to
1 MeV, which arises from only one decade of electrons
energy (i.e., Ee,max/Ee,min = 10), since the energy of
photons emitted by both synchrotron and inverse Comp-
ton scale as E2e . FGBM/(fe ln 10) in equation (5) merely
represents the total energy in protons. Using equation
(5), the neutrino number fluence is:
dNν
dEνdA
=
1
12
fpi
fe
FGBM
ln 10
E−2ν (6)
Employing the IceCube effective area curves Aeff(Eν)
as a function of declination, we can now estimate the
number Nν of neutrinos expected to be detected by Ice-
Cube for each individual GRB, and as a function of the
single parameter fpi/fe representing the hadronic frac-
tion in the GRB jet:
Nν =
1
12
fpi
fe
FGBM
ln 10
∫
Aeff(Eν)E
−2
ν dEν (7)
In Figure 1, we plot the effective area curves of the com-
plete IC86 array for point source detection of νµ (A.
Karle, J. Feintzeig, private communications). The ef-
ficiency of detecting νe and ντ from a point source is
much smaller, and we neglect it here.
The IceCube effective area curves for negative declina-
tions (overhead at the South Pole) continue to rise with
neutrino energy. However, given the declining energy
spectrum (equation 6), the most GRB neutrinos are ex-
pected in IceCube around 30 TeV. This is demonstrated
in Figure 2, where the IceCube effective area is averaged
over declination and the expected number of neutrinos
per logarithmic energy bin is plotted, assuming an E−2ν
spectrum. Spectra that are markedly different could pro-
duce neutrinos at much higher energies (e.g., Razzaque
2013). IceCube is even more sensitive to those, if they
exist.
101 102 103 104 105 106 107 108 109
10−6
10−5
10−4
10−3
10−2
10−1
100
101
102
103
104
A e
ff 
[m
2 ]
E
ν
 [GeV]
 
 
δ=−90°...−60°
δ=−60°...−30°
δ=−30°...0°
δ=0°...30°
δ=30°...60°
δ=60°...90°
Figure 1. Effective area of the complete IC86 for νµ point sources
versus neutrino energy (A. Karle, J. Feintzeig, private communica-
tions). Different declinations (δ) on the sky are plotted separately.
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Figure 2. Effective area (dashed curve) of the complete IC86 for
νµ point sources versus neutrino energy averaged over declination
(see Fig. 1) and the expected energy distribution of detected neu-
trinos given an E−2ν source spectrum (solid curve).
Finally, in addition to the estimate for each GRB, we
can obtain the total number of neutrinos expected from
the full sample of GBM GRBs, by using their co-added
fluences in equation (7).
2.2. GeV Photon Fluence Estimate
The photons resulting from pi0 decay, according to
some models, cascade through pair production processes
down to GeV energies at which point they can escape the
jet. These photons can be detected by LAT, whose sensi-
tivity ranges from 0.02 - 300 GeV (Atwood et al. 2009).
They would add to any other electron emission at these
energies if present. Recall that 2/3 of pions produced
by the photon-hadron interactions (equation 1) are pi0.
For a spectral slope of α = 2, and by analogy to equa-
tion (5), their (maximal) expected contribution to the
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Figure 3. Expected number of νµ from all of the GBM detected
GRBs between 2011, Jun and 2014, Feb, as a function of declina-
tion, and factored by the unknown electron to pion energy ratio
fe/fpi . Note the reduced νµ numbers at low southern declinations
where the effective area for TeV energies is smallest (Fig. 2).
fluence measured by LAT would be:
Fpi
0
γ =
2
3
fpi
fe
FGBM
ln 10
(8)
If the spectral slope α deviates from 2, the more general
factor needs to be used here (c.f., equations 4) instead of
ln 10. The cascade products would, thus, carry out from
the GRB most of the energy that was initially in protons.
Additional GeV photon fluence Fpi
+
γ could arise from the
positrons produced in the charged pion decay (equation
2) that takes about 1/4 of the pi+ energy, or 1/12 of the
total pion energy
Fpi
+
γ =
1
12
fpi
fe
FGBM
ln 10
(9)
Finally, the original electrons in the jet may also emit
GeV photons with fluence F eγ . Accounting for all of these
potential GeV photon emission processes, one can ex-
press, most generally, the total LAT fluence as:
FLAT = F
pi0
γ + F
pi+
γ + F
e
γ =
3
4
fpi
fe
FGBM
ln 10
+ F eγ (10)
The hadronic contribution of the detected LAT fluence
is the first term on the right hand side of equation (10),
which allows us to write the hadronic fraction of the LAT
fluence as:
fHad =
3
4 ln 10
fpi
fe
FGBM
FLAT
(11)
The actual contribution of the hadrons to the GeV emis-
sion is model dependent. However, an absolute upper
limit to this contribution is fHad ≤ 1. Since both FGBM
and FLAT are measured quantities, equation (11) pro-
vides an absolute upper limit to fpi/fe.
3. RESULTS
3.1. Constraints from IceCube Non-Detection
We use equation (7) to estimate the expected number
of neutrinos from each GRB based on its declination.
For this, we take the fluence of all 668 GRBs between
2011 Jun - 2014 May, from the GBM burst catalog 2,
co-temporal with the running of IC86. For simplicity, at
this point, we assume the neutrino spectrum has a stan-
dard spectral slope of –2, e.g. the neutrino spectrum is
that of equation (6). The expected number of IceCube
νµ events factored by the electron to pion energy ratio in
the jet, namely Nν(fe/fpi), is plotted in Figure 3 versus
declination. Note the exceptionally bright GRB130427A,
whose favorable declination of 27.7o, yields 3.5 expected
νµ neutrinos for fe/fpi of unity, which is an order of mag-
nitude more than any other GRB. The lack of detected
neutrinos from GRB130427A was recently discussed by
Gao et al. (2013) in the context of the physical jet pa-
rameters.
The IceCube non-detection of neutrinos during the
GRB130427A time window constrains the ratio of fpi/fe.
Using Bayesian statistics, Astone & Pizzella (2000) pro-
pose that with no background, a non-detection implies
an interval of 0 − N neutrinos at a confidence-level-
equivalent(CL) of 1 − e−N . For a 95% CL, N = 3.
Consequently, GRB130427A alone implies Nν(fe/fpi) <
3(fe/fpi) at 95% CL. Or, fpi/fe . 0.85 at 95% CL, and
fpi/fe . 0.35 at 68% CL. This limit can be tightened,
if we take into account that no neutrinos were detected
from any GRB in Figure 3. The total expected νµ counts
over the 36 months period from all 668 GRBs combined
increases the expected counts by (only) 146% over that of
GRB130427A, i.e. Nν(fe/fpi) = 8.7, leading to a stricter
constraint of fpi/fe < 0.35 (0.12) at 95%(68%) CL.
A reasonable next step would be to include in the
above analysis also the non-detection of GRB neutrinos
since the IceCube 2008-2009 season (Abbasi et al. 2012).
This exercise is somewhat complicated by the gradual
increase in number of strings (i.e., effective area), and
varying operation periods in each season. Nonetheless,
the operation-period weighted sum of the IceCube sea-
sonal effective area, based on Aartsen et al. (2013a), sug-
gests that the five seasons before IceCube’s completion
are roughly equivalent to 788 days or ∼26 months of
operation with 86 strings. The estimated IC86 equiv-
alent periods are listed in Table 1. We now assume
that the GRB occurrence over these years is the same
as during the IC86 36 months sample, but excluding the
anomalously bright GRB130427A, i.e., Nν = 5.2(fe/fpi)
(c.f., 8.7 with GRB130427A) νµ events are anticipated
over 36 months. Thus, for 26 months we anticipate
Nν(fe/fpi) = 3.7 (to be added to the 8.7). All in all,
the constraint on the hadronic component in GRB jets
over the operation period of IceCube since 2008 improves
to fpi/fe < 3/12.4 ≈ 0.24 (0.08) at 95%(68%) CL. Note
that for a branching ratio more favorable of charged pi-
ons in equation 1, e.g. 1/2 and 1/2 (Waxman & Bahcall
1997) instead of 1/3 and 2/3, all of these constraints
would be stronger, reducing fpi/fe by a factor of 3/2.
3.2. Constraints from LAT Fluence
2 http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
5Season # Strings Aeff Period IC86 equivalent
(% of IC86) (days) (days)
2011-2014 86 100 1096 1096
2010-2011 79 90 316 284.4
2009-2010 59 80 348 278.4
2008-2009 40 60 375 225
Total 1884
Table 1
IceCube seasons
The most conservative estimation for the hadronic con-
tribution to the GeV photon fluence measured by LAT
is fHad ≤ 1, i.e. all LAT fluence is hadronic (via pair-
photon cascades). Using the typical ratio FGBM/FLAT ≈
10 (Ackermann et al. 2013) in equation (11) we can con-
strain the typical GRB hadronic fraction to be fpi/fe .
0.3. For LAT detected bursts, as with the neutrinos, this
analysis can be carried out for each individual GRB. In
the extreme cases, where FGBM/FLAT is lowest, of the or-
der of unity, for example GRB090510 and GRB080916C
(Ackermann et al. 2013), the constrain on the hadronic
fraction is strongest, i.e., fpi/fe . 0.03. Specifically for
the bright GRB130427A FGBM/FLAT ≈ 5, which yields
fpi/fe . 0.15. For a branching ratio less favorable for
pi0 in equation 1, e.g. 1/2 and 1/2 (Waxman & Bahcall
1997) instead of 1/3 and 2/3, this constrain would be
weaker, increasing all the above values of fpi/fe by a fac-
tor of 3/2.
Note that the constraint from LAT on fpi/fe . 0.15
for GRB130427A appears to be tighter than that from
the non-detection of neutrinos (fpi/fe . 0.85, Sec. 3.1).
However, the LAT constrain relies on the assumption
that all pi0 energy cascades down to GeV photons,
while the neutrino constraint assumes nothing but that
charged pions are produced in the jet.
3.3. Dependence on Spectral Slope
In this section, we analyze the sensitivity of the num-
ber of GRB neutrinos Nν(fe/fpi) expected from the anal-
ysis in Sec. 3.1 to the assumed neutrino spectral slope α.
Therefore, we repeat the analysis for the number of neu-
trinos expected from GRB130427Awith varying spectral
slopes. Instead of the simple expression for Nν obtained
in equation (5), we need to use the more general form
of equation (3). As before, we assume all particles (pro-
tons, electrons, neutrinos) have the same spectral slope.
Equation (7) thus obtains the more general form of:
Nν =
1
4
fpi
fe
(2− α)
E2−αe,max − E
2−α
e,min
FGBM
∫
Aeff(Eν)E
−α
ν dEν
(12)
The number of expected neutrinos in Eq. 12 now de-
pends on Ee,max and Ee,min, as opposed to the special
case of α = 2 (c.f., equation 7). We retain the single-
decade electron energy window Ee,max/Ee,min = 10,
which still corresponds to the two decades of photon en-
ergy detected by GBM (Sec. 2.1). It is less clear what
should be assumed for Ee,max and Ee,min, as the energy
of electrons producing the GBM (MeV) photons strongly
depends on the mechanism, whether synchrotron or in-
verse Compton, and on the energy density of the mag-
netic field or seed photons, respectively. We therefore
test a range of electron energies for slope parameters
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Figure 4. Expected number of nuetrinos from GRB130427A as a
function of the spectral slope α, factored by the unknown electron
to pion energy ratio fe/fpi , and for a range of gamma-ray emitting
electron energies as represented by the different colors.
1.9 < α < 2.1. The results are plotted in Fig. 4. It can be
seen that the expected number of neutrinos Nν(fe/fpi) is
rather sensitive to the spectral slope, and can vary by up
to an order of magnitude for 1.9 < α < 2.1 (Figure 4),
especially for low electron energies of ∼ GeV. If the elec-
tron energies are much higher, namely TeV and above,
the constrain on fpi/fe would depend more weakly on the
assumed spectral slope.
From Fig. 4, it is clear that the expected number of
neutrinos can vary dramatically even if the spectral slope
is only slightly different than α = 2. Since there could be
a distribution of neutrino slopes around α = 2, some of
them would necessarily produce appreciably higher num-
bers than the values plotted in Fig. 3. In that sense, our
estimates above are the most conservative.
In order to further demonstrate the dependence on α,
we computed Nν(fe/fpi) for the 250 individual bursts
whose photon spectral index is given in the GBM cata-
log. For this purpose, we assume that the neutrino spec-
tral index is the power law spectral index of the GRB
(Waxman & Bahcall 1999). Since on average, the mea-
sured slope in this sample is < α >≈ 1.5, the expected
number of neutrinos increases by orders of magnitude
compared to our previous estimate. For example, if the
GRBs are emitted by electrons in the 10 – 100 GeV range
(Bosnjak et al. 2009, see Fig. 4 above), Nν(fe/fpi) in this
limited sample increases from ∼2 to ∼770. The results
for each individual GRB are plotted in Fig. 5, which
shows many GRBs yielding high values of Nν(fe/fpi),
and thus tightening the upper limit on the fpi/fe by more
than two orders of magnitude.
The precise neutrino numbers here depend strongly on
the prescription for assigning a spectral slope to the neu-
trinos and on the chosen electron energy range, while the
previous estimate with α = 2 depends only on the total
GRB fluence FGBM. Most importantly, any distribution
of neutrino slopes around α = 2 would result in a huge
increase in the number of predicted neutrinos, and make
the contrast with the non-detection even starker.
4. CONCLUSIONS
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Figure 5. Expected number of νµ from 250 GBM detected GRBs,
which have a measured spectral slope, as a function of declination,
and factored by the unknown electron to pion energy ratio fe/fpi.
The neutrino spectral slope is assumed to be that of the photons.
We find that both the non-detection of any neutri-
nos from GRBs and the observed GeV GRB fluence
point consistently to a low hadronic energy fraction in
the GRB jet. More quantitatively, the lack of detected
neutrinos from Fermi/GBM GRBs since 2008 points to
fpi/fe . 0.24 with a 95% CL. As far as we know, this
is the first time this fraction has been constrained from
observations. These numbers hold for a canonical spec-
tral slope of Fν ∝ E
−2
ν , which is expected from standard
acceleration mechanisms and is consistent with the ob-
served spectrum of diffuse neutrinos reported recently by
the IceCube collaboration. Given that there could be a
distribution of neutrino spectral slopes, the constrain on
fpi/fe would tighten, even by a few orders of magnitude.
The obtained value of fpi/fe . 0.2 is still consistent
with the values of fe ≈ 1 (Waxman & Bahcall 1997), and
of fpi ≈ 0.2 (Guetta et al. 2001). More realistic models,
however, that include the cooling of electrons in the GRB
jet predict fe ≪ 1 (e.g., Gao et al. 2013). Given the
limited efficiency of pion production, these models are in
strong contrast with the current findings.
The observed LAT fluence from GRBs, independent
of neutrino physics, provides on average a constrain
of fpi/fe . 0.3, which is consistent with the neu-
trino estimate. However, much more stringent limits of
fpi/fe . 0.03 are obtained for individual GRBs whose
MeV (GBM) to GeV (LAT) fluence ratio is particularly
low (. 1).
The presently found low hadronic fractions, along with
the failure of GRBs to explain the observed UHECRs
(Abbasi et al. 2012) contribute to the growing questions
regarding the physical presence of PeV protons in GRBs.
Ultimately, these protons would necessarily produce neu-
trinos that would need to be observed by IceCube. The
longer IceCube goes without detecting a GRB neutrino,
the constraint on fpi/fe will tighten.
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